The docking protein Grb2-associated binder1 (Gab1) has a central role in the integration of the growth-factor signaling. In this study, we aimed to examine the significance of Src-mediated Gab1 phosphorylation in the hepatocyte growth factor (HGF) signaling. Using both mutagenesis and mass spectrometry approaches, Y242, Y259, Y317, Y373 and Y627 of Gab1 were identified to be phosphorylated by c-Src. It is interesting to note that the binding of the tyrosine phosphatase SHP2 to the Y627 antagonized the effect of c-Src on the phosphorylation of the other four tyrosine residues. Moreover, the tyrosine residues predominantly phosphorylated by c-Src were different from those predominantly phosphorylated by the HGF receptor. Gab1 overexpression potentiated both mitogenic and motogenic activities of HGF. However, a Gab1 mutant with substitutions of the Src phosphorylation sites (Y242, Y259, Y317 and Y373) failed to promote HGF-induced DNA synthesis, but retained its ability to facilitate HGF-induced chemotaxis. Taken together, our results not only suggest that the phosphorylation of Gab1 by c-Src is important for HGF-induced DNA synthesis, but also provide an example to illustrate how a docking protein (for example, Gab1) is differentially phosphorylated by c-Src and a receptor tyrosine kinase to emanate full spectrum of signals to the downstream.
Introduction
Grb2-associated binder 1 (Gab1) belongs to a family of docking proteins that include Gab2 and Gab3 in mammals, Dos in Drosophila melanogaster and SOC-1 in Caenorhabditis elegans (Gu and Neel, 2003) . Gab1 has two isoforms; isoform B, which is a shorter variant, has 694 amino acids, whereas isoform A has 30 extra amino acids inserted between amino acid 528 and 529 of isoform B (Lehr et al., 1999) . Gab1-null mice die in uteruses with developmental defects in the heart, the placenta and the skin, and show a phenotype reminiscent of that of mice lacking functional hepatocyte growth factor (HGF), platelet-derived growth factor and epidermal growth factor (EGF) signaling pathways (Itoh et al., 2000; Sachs et al., 2000) . Gab1 contains an NH2-terminal pleckstrin homology domain, a Met-binding domain, 3 proline-rich sequences and 16 potential tyrosine phosphorylation sites that represent Src-homology (SH)2 domain-binding motifs (Holgado-Madruga et al., 1996; Weidner et al., 1996) . Gab1 is phosphorylated upon stimulation of cells with various growth factors (Holgado-Madruga et al., 1996; Weidner et al., 1996; Kallin et al., 2004) , as well as upon activation of certain cytokines and antigen receptors (Takahashi-Tezuka et al., 1998; Nishida et al., 1999) .
Gab1 has six tyrosine residues (Y242, Y259, Y307, Y317, Y373 and Y406) in Tyr-X-X-Pro (YXXP) motifs, which serve as the binding sites for the SH2 domain of the adaptor protein Crk (Lamorte et al., 2000) . However, Crk is not the only molecule bound to those residues in YXXP motifs in Gab1. For instance, Y307, Y373 and Y406 of Gab1 have been shown to be the binding sites for phospholipase Cg (PLCg) (Gual et al., 2000) . In addition, Y447, Y472 and Y589 of Gab1 in YXXM motifs are the binding sites for PI3K (Rodrigues et al., 2000; Schaeper et al., 2000) , whereas Y627 and Y659 of Gab1 confer binding and activation of the tyrosine phosphatase SHP2 (Schaeper et al., 2000; Cunnick et al., 2001) , which is required for extracellular signal-regulated kinase signaling in response to growth-factor stimulation (Maroun et al., 2000; Shi et al., 2000) . Loss of SHP2-binding to Gab1 leads to early embryonic lethality with defects in placental development and muscle progenitor cell migration, but mice lacking PI3K-binding to Gab1 are viable (Schaeper et al., 2007) .
Gab1 is tyrosine phosphorylated not only by receptor protein tyrosine kinases but also by the Src family kinases (Chan et al., 2003; Podar et al., 2004) . To elucidate how Gab1 integrates the signals from Src and receptor protein tyrosine kinases, it is important to know whether Src and receptor protein tyrosine kinases have distinct preference for the tyrosine residues in Gab1. In this study, we aim to identify the c-Src phosphorylation sites in Gab1 and examine the significance of this phosphorylation event in the HGF signaling.
Results

c-Src phosphorylates Gab1 on multiple tyrosine residues
To identify the tyrosine residues of Gab1 preferentially phosphorylated by c-Src, a mutagenesis approach was first employed. Three Gab1 mutants, which had multiple Figure 1 c-Src phosphorylates Grb2-associated binder1 (Gab1) on multiple tyrosine residues. (a) Schematic presentation for the Gab1 mutants with multiple substitutions of tyrosine (Y) with phenylalanine (F). The residues are numbered according to human Gab1 isoform B (NCBI accession no.: NP_002030). PH, the pleckstrin homology domain. (b) Myc-tagged wild-type Gab1 (myc-Gab1 wt) or its mutants (YF3, YF4 and YF5) was co-expressed with ( þ ) or without (À) c-Src in HEK 293 cells for 36 h. To measure the tyrosine phosphorylation of Myc-tagged Gab1proteins, Myc-tagged Gab1 proteins were immunoprecipitated (IP) by anti-Myc antibody and the washed immunocomplexes were analyzed by immunoblotting (IB) with anti-PY or anti-Gab1. To monitor the expression levels of Myc-tagged Gab1 proteins and c-Src, an equal amount of whole cell lysates (WCL) was analyzed by immunoblotting with anti-Myc or anti-Src. The tyrosine phosphorylation of Myc-tagged Gab1 proteins was quantified and expressed as the percentage relative to the level of Gab1 wt in the presence of c-Src, which is defined as 100%. Values (means ± s.d.) are from three independent experiments. *Po0.05 (compared with the wt Gab1 in the presence of c-Src). (c) Myc-tagged Gab1 proteins were immunoprecipitated by the polyclonal anti-Gab1 antibody and the immunocomplexes were analyzed by immunoblotting with anti-PY or anti-Gab1. To monitor the expression of Myc-tagged Gab1 and c-Src, an equal amount of WCL was analyzed by immunoblotting with anti-Myc and anti-Src. The tyrosine phosphorylation of Myc-tagged Gab1 proteins was quantified and expressed as the percentage relative to the level of Gab1 wt in the presence of c-Src, which is defined as 100%. Values (means ± s.d.) are from three independent experiments. *Po0.05 (compared with the wt Gab1 in the presence of c-Src).
Differential phosphorylation of Gab1 by Src and Met P-C Chan et al substitutions of tyrosine residues with phenylalanine, were generated to locate potential phosphorylation sites for c-Src (Figure 1a ). In the absence of c-Src overexpression, the tyrosine phosphorylation of Gab1 was hardly detected. Overexpression of c-Src significantly enhanced the tyrosine phosphorylation of Gab1. The levels of the tyrosine phosphorylation of the YF3, YF4 and YF5 mutants were approximately 78, 39 and 108% of the level of the wild-type (wt) Gab1, respectively (Figure 1c) . These results suggest that some of the tyrosine residues substituted in the YF3 and YF4 mutants may be the phosphorylation sites for Src. It is interesting to note that mutations in the YF5 mutant slightly potentiated the effect of c-Src on the tyrosine phosphorylation of Gab1.
c-Src phosphorylates Gab1 predominantly on Y242, Y259, Y317 and Y373 Mutations in the YF4 mutant caused approximately 60% decrease in the Src-induced Gab1 phosphorylation (Figure 1c ). To examine which of these four residues are the phosphorylation sites for c-Src, single mutation at Figure 2 Identification of Y242, Y259, Y317 and Y373 of Grb2-associated binder1 (Gab1) as the phosphorylation sites for c-Src by mutagenesis. (a) Myc-tagged Gab1 or its mutants (Y48F, Y242F, Y259F, Y317F and YF4) was transiently co-expressed with ( þ ) or without (À) c-Src in HEK293 cells. An equal amount of whole cell lysates (WCL) was analyzed by immunoblotting with anti-Myc or anti-Src. The tyrosine phosphorylation of Myc-tagged Gab1 proteins was measured as described in Figure 1c and expressed as the percentage relative to the level of Gab1 wild type (WT) in the presence of c-Src. Value (mean ± s.d.) are from three independent experiments. *Po0.05 (compared with the wt Gab1 in the presence of c-Src). (b) Myc-tagged Gab1 or its mutants (Y307F, Y373F, Y406F and YF3) was transiently co-expressed with ( þ ) or without (À) c-Src in HEK293 cells. The tyrosine phosphorylation of Myctagged Gab1 proteins was measured as described in Figure 1c and expressed as the percentage relative to the level of Gab1 wt in the presence of c-Src, which is defined as 100%. Values (means±s.d.) are from three independent experiments. *Po0.05 (compared with the wt Gab1 in the presence of c-Src). (c) A diagram of Gab1 summarizes the results in the panels (a and b), which indicates the residues Y242, Y259, Y317 and Y373 respectively account for approximately 14, 31, 16 and 20% of the total tyrosine phosphorylation of Gab1 induced by c-Src. each of these four residues was generated. The levels of the Src-induced phosphorylation of the Y48F, Y242F, Y259F and Y317F mutants were approximately 110, 86, 69 and 84% of the level of the wt Gab1, respectively (Figure 2a) . Similarly, the effect of individual mutation as of those in the YF3 mutant on the Src-induced phosphorylation was dissected. The result showed that the levels of the Srcinduced phosphorylation of the Y307F, Y373F and Y406F mutants were 100, 80 and 98% of the level of the wt, respectively (Figure 2b ). The results in Figure 2 suggest that Y242, Y259, Y317 and Y373 of Gab1 may respectively account for 14, 31, 16 and 20% of the c-Srcinduced tyrosine phosphorylation of Gab1 (Figure 2c) .
In order to verify the result in Figure 2 , four residues (Y242, Y259, Y317 and Y373) were mutated in one Gab1 construct. As these four residues are in YXXP motif and are known for the binding of the SH2 domain of Crk (Lamorte et al., 2000) , the resulting Gab1 mutant was named as YF-Crk mutant (Figure 3a) . The level of Srcinduced phosphorylation of the YF-Crk mutant was 27% of that of the wt Gab1 in HEK293 cells (Figure 3b ). To further confirm this, Gab1 and the YF-Crk mutant were co-expressed with or without c-Src in Gab1 À/À mouse embryonic fibroblasts. When examined in Gab1 À/À mouse embryonic fibroblasts, mutations of Y242, Y259, Y317 and Y373 largely suppressed the tyrosine phosphorylation of Gab1 induced by Src (Figure 3c ). The results in Figure 3 together indicate that Y242, Y259, Y317 and Y373 of Gab1 are preferential phosphorylation sites for cSrc in intact cells. Moreover, Src overexpression failed to promote the interaction of the YF-Crk mutant with Crk II (Figure 3d ), supporting that Src-induced phosphorylation of Gab1 is important for its interaction with Crk II. Among Y242, Y259, Y317 and Y373 of Gab1, Y373 is one of the binding sites for PLCg (Gual et al., 2000) . Indeed, compared with wt Gab1, YF-Crk mutant was less bound to PLCg in the presence of Src (Figure 3e ).
Mass spectrometry analysis reveals that Y259 and Y627 of Gab1 are phosphorylated by c-Src To provide direct evidence for phosphorylated residues of Gab1 in intact cells, liquid chromatography/tandem mass spectrometry was employed to identify the phosphorylation sites of Gab1 in the presence or absence of c-Src overexpression. In the absence of c-Src overexpression, no phosphorylated tyrosine residue was detected, whereas the S266, S419, S551 and T638 of Gab1 were identified to be phosphorylated (data not shown). In the presence of c-Src overexpression, Y259 and Y627 (Figure 4 ) as well as S266, S419, S551 and T638 (data not shown) were identified to be phosphorylated. The results from our mass spectrometry analysis are summarized in Table 1 . The phosphopeptide Gab1 249À263 has four serine and one tyrosine residues ( Figure 4a) ; the b3 and b8 þ 2 peaks indicate that none of these serine residues bear a phosphate group, whereas the y5 peak provides a direct evidence to support that the Y259 is phosphorylated. In addition, the phosphopeptide Gab1 621À636 has one serine and one tyrosine residues ( Figure 4b) ; the y3 peak indicates that the serine residue does not bear any phosphate group, whereas the b7 peak directly indicates that the Y627 is phosphorylated.
Src-induced tyrosine phosphorylation of Gab1 is antagonized by SHP2
The Y627 of Gab1 is known to interact with the protein tyrosine phosphatase SHP2 (Cunnick et al., 2001) . When a mutation was introduced to this site, the extent of Src-induced Gab1 phosphorylation was enhanced by almost twofolds (Figure 5a ), which correlated with increased interaction between Gab1 and Crk II and PLCg ( Figure 5b ). Among Y242, Y259, Y317 and Y373 of Gab1, Y317 and Y373 have also been reported to bind to the Ras GTPase-activating protein and PLCg, respectively (Gual et al., 2000; Montagner et al., 2005) . We found that Src enhanced the interaction of Gab1 with PLCg, but not RasGTPase-activating protein (data not shown). To directly measure the effect of SHP2 on the Src-induced Gab1 phosphorylation, Flag-tagged SHP2 and its catalytically inactive mutant (the CS mutant) were employed. Our results showed that Flagtagged SHP2, but not its CS mutant, suppressed the tyrosine phosphorylation of Gab1 induced by c-Src cells. An equal amount of whole cell lysates (WCL) was analyzed by immunoblotting with anti-Myc or anti-Src. The tyrosine phosphorylation of Myc-tagged Gab1 proteins was measured as described in Figure 1c and expressed as the percentage relative to the level of Gab1 wild type (wt) in the presence of c-Src. Values (means ± s.d.) are from three independent experiments. *Po0.05. (c) Myc-tagged Gab1 or its YF-Crk mutant was transiently co-expressed with ( þ ) or without (À) c-Src in Gab1-null (Gab1 À/À ) mouse embryonic fibroblasts (MEFs). The tyrosine phosphorylation of Myc-tagged Gab1 proteins was measured as described in Figure 1c and expressed as the percentage relative to the level of Gab1 wt in the presence of c-Src. Values (means±s.d.) are from three independent experiments. *Po0.05. (d) To examine the co-immunoprecipitation of Gab1 and Crk II, Myc-tagged Gab1 or its YF-Crk mutant was transiently co-expressed with ( þ ) or without (À) c-Src in HEK293 cells for 36 h and serum-starved for another 16 h. An equal amount of the cell lysates was incubated with anti-Crk II and the immunocomplexes were subjected to immunoblotting with anti-Myc or anti-Crk II. The tyrosine phosphorylation of Myc-tagged Gab1 proteins was measured as described in Figure 1c . Co-immunoprecipitation of Gab1 and Crk II was quantified by densitometry and expressed as the percentage relative to the wt Gab1 in the presence of c-Src, which is defined as 100%. (e) An equal amount of the cell lysates prepared as described in Figure 3d was incubated with anti-Myc and the immunocomplexes were analyzed by immunoblotting with anti-phospholipase Cg (PLCg). Co-immunoprecipitation of Gab1 and PLCg was quantified by densitometry and expressed as the percentage relative to the wt Gab1 in the presence of c-Src, which is defined as 100%. To monitor the expression of Myc-Gab1 and c-Src, an equal amount of WCL was analyzed by immunoblotting with anti-Myc and anti-Src.
Differential phosphorylation of Gab1 by Src and Met P-C Chan et al ( Figure 5c ). Together, these results suggest that SHP2 may antagonize the effect of c-Src on the tyrosine phosphorylation of Gab1.
c-Src directly phosphorylates Gab1 on the tyrosine residues similar to those identified in intact cells To examine whether c-Src directly phosphorylates Gab1 on the tyrosine residues as those identified in intact cells, Myc-tagged Gab1 and its mutants were purified from HEK293 cells (Figure 6a ) and used as the substrates for c-Src in in vitro kinase assays (Figure 6b) . A single mutation at Y627 of Gab1 caused approximately 10% decrease in the in vitro phosphorylation by c-Src. The extent of the in vitro phosphorylation of the YF-Crk mutant by Src was approximately 70% lower than the wt Gab1. Accordingly, the extent of the in vitro 
Differential phosphorylation of Gab1 by c-Src and the HGF receptor c-Met
As c-Src is often activated in response to growth factor stimulation, we wondered whether c-Src and receptor tyrosine kinases coordinately phosphorylate Gab1 through their distinct preference for the tyrosine residues in Gab1. To examine this possibility, Myctagged Gab1 and c-Met were transiently co-expressed in SYF (src
) cells or those with the reintroduction of c-Src (SYF/c-Src). In SYF cells, c-Met induced the tyrosine phosphorylation of the YF-Crk mutant to an extent approximately 80% of that of the wt Gab1 (Figure 7a ), thus indicating that the residues (Y242, Y259, Y317, and Y373) mutated in the YF-Crk mutant are not the major phosphorylation sites for Met. In SYF/c-Src cells, c-Met induced about 1.5 fold increase in the tyrosine phosphorylation of the wt Gab1, but failed to increase the tyrosine phosphorylation of the YF-Crk mutant (Figure 7a ). These results support that the tyrosine residues of Gab1, which are preferentially phosphorylated by c-Met, are largely different from those phosphorylated by c-Src. To directly examine this notion, Myc-tagged Gab1 and its mutants were purified and used as the substrates for c-Met in in vitro kinase assays (Figure 7b ). c-Met phosphorylated the YF-Crk mutant to an extent similar to the wt Gab1 in vitro, but it hardly phosphorylated the Gab1 Y5 mutant with mutations at Y447, Y472, Y589, Y627 and Y659. The results in Figure 7 together indicate that the cohort of tyrosine residues in Gab1 phosphorylated by c-Met is largely different from that phosphorylated by c-Src.
Phosphorylation of Gab1 by c-Src promotes HGF-induced DNA synthesis
To examine the functional consequence of the tyrosine phosphorylation of Gab1 induced by c-Src, Myc-tagged Gab1 and its YF-Crk mutant were stably expressed in HEK293 cells (Figure 8a ). The cells overexpressing Gab1 or the YF-Crk mutant exhibited a similar increase in their migration towards HGF (Figure 8b ), thereby suggesting that the tyrosine phosphorylation of Gab1 on Y242, Y259, Y317 and Y373 is not important for Gab1 to promote HGF-induced cell chemotaxis. Next, to examine the effect of the Src-induced Gab1 phosphorylation on HGF-stimulated DNA synthesis, control HEK293 cells and those overexpressing Gab1 or its YF-Crk mutant were serum-starved and then labeled with 5-bromo-2 0 -deoxy-uridine (BrdU) in the presence or absence of HGF for 6 h. The cells overexpressing wt Gab1, but not its YF-Crk mutant, had a significant (approximately 35%) increase in the ratio of BrdU incorporation upon HGF stimulation (Figure 8c ), thus suggesting that the tyrosine phosphorylation of Gab1 on Y242, Y259, Y317 and Y373 is important for Gab1 to promote HGF-induced DNA synthesis.
Discussion
In this study, we employed both mutagenesis and mass spectrometry approaches to identify the phosphorylation sites of Gab1 for c-Src. The results from the mutagenesis approach indicated that c-Src phosphorylates Gab1 predominantly on four tyrosine residues, including Y242, Y259, Y317 and Y373, which together accounted for at least 70% of the overall Src-induced tyrosine phosphorylation of Gab1 (Figures 3b and c) . The results from mass spectrometry revealed that Y259 and Y627 of Gab1 were phosphorylated by c-Src (Figure 4 ). Y627 of Gab1 is known for the binding of the tyrosine phosphatase SHP2 (Cunnick et al., 2001) . Although a single mutation of Gab1 at Y627 only caused a slight decrease in the 32 P incorporation by c-Src in vitro (Figure 6b) , it apparently enhanced the tyrosine phosphorylation of Gab1 by c-Src in intact cells (Figure 5a ), correlated with an increased interaction of Gab1 with Crk II and PLCg (Figure 5b ). In addition, enforced expression of SHP2, but not its catalytically Differential phosphorylation of Gab1 by Src and Met P-C Chan et al inactive mutant, suppressed the tyrosine phosphorylation of Gab1 induced by c-Src overexpression (Figure 5c ). Therefore, our results suggest that SHP2 may antagonize the effect of c-Src on the tyrosine phosphorylation of Gab1 (Figure 9a ). In this model, the tyrosine phosphorylation of Gab1 on Y242, Y259, Y317 and Y373 is coordinately regulated by both c-Src and SHP2, which then transmits signals to the downstream through the binding of Crk and PLCg. Another interesting point raised by this study is that c-Src and c-Met may coordinately phosphorylate Gab1 at different sites to transmit full spectrum of signals to the downstream, which thereby regulate different aspects of HGF-elicited cell functions (Figure 9b) . In this study, we demonstrated that the tyrosine residues of Gab1 predominantly phosphorylated by c-Src were different from those preferentially phosphorylated by c-Met both in intact cells (Figure 7a ) and in vitro (Figure 7b) . Moreover, we demonstrated that the overexpression of Gab1 potentiated both mitogenic and motogenic activities of HGF (Figure 8) . However, the Gab1 mutant (with substitutions at Y242, Y259, Y317 and Y373), which is defective to be phosphorylated by c-Src, failed to promote HGF-dependent DNA synthesis (Figure 8c ), but retained its ability to facilitate HGF-induced chemotaxis (Figure 8b ). Therefore, it is possible that differential phosphorylation of Gab1 by cSrc and HGF receptor may contribute to HGF-elicited DNA synthesis and cell motility, respectively. In this study, we propose that the phosphorylation of Gab1 by c-Src upon HGF stimulation may allow Gab1 to recruit Crk and PLCg, which then transmit signals to trigger DNA synthesis. On the other hand, phosphorylation of Gab1 by HGF receptor may allow Gab1 to bind to SHP2 and/or PI3K, which then contributes to HGFinduced cell motility (Figure 9b ). Accordingly, Crk has been shown to enhance HGF-induced mitogenesis (Riordan et al., 2000) , whereas PI3K has been shown to be important for HGF-induced chemotaxis (Derman et al., 1995; Machide et al., 2000) .
The phosphorylation sites of Gab1 for EGF receptor and insulin receptor have been determined previously (Lehr et al., 1999 (Lehr et al., , 2000 . Although a similar cohort of tyrosine phosphorylation sites of Gab1 was found for both receptor tyrosine kinases, the EGF receptor and the insulin receptor have a distinct preference for those tyrosine residues. The EGF receptor predominantly phosphorylates Gab1 on Y627 and Y659 (for SHP2 Figure 5 Tyrosine phosphatase, SHP2, antagonizes the effect of c-Src on the tyrosine phosphorylation of Grb2-associated binder1-Gab1. (a) Myc-tagged Gab1 or its Y627F mutant was transiently co-expressed with ( þ ) or without (À) c-Src in HEK293 cells and the tyrosine phosphorylation of Myc-tagged Gab1 proteins was measured as described in Figure 1c . An equal amount of whole cell lysates (WCL) was analyzed by immunoblotting with anti-Myc or anti-Src. (b) Myc-tagged Gab1 or its Y627F mutant was transiently co-expressed with ( þ ) or without (À) c-Src in HEK293 cells and the co-immunoprecipitation of Gab1 with phospholipase Cg (PLCg) and Crk II was examined with the antibodies as indicated. Co-immunoprecipitation of Gab1 with PLCg and Crk II was quantified by densitometry and expressed as-fold relative to the WT in the absence of c-Src. An equal amount of WCL was analyzed by immunoblotting with anti-Myc or anti-Src. (c) Myctagged Gab1 was transiently co-expressed with ( þ , 1 mg; þ þ , 2 mg) or without (À) c-Src and Flag-tagged SHP2 (wt, wild type; CS, the catalytically inactive mutant) in HEK293 cells. The tyrosine phosphorylation of Myc-tagged Gab1 proteins was measured as described in Figure 1c . An equal amount of WCLs was analyzed by immunoblotting with the antibodies as indicated. binding), which together represent approximately 67% of Gab1 tyrosine phosphorylation by EGF receptor (Lehr et al., 1999) . On the other hand, the insulin receptor has a preference for Y447, Y472 and Y589 (for PI3K binding), which together account for approximately 75% of Gab1 tyrosine phosphorylation by insulin receptor (Lehr et al., 2000) . In this study, although the exact phosphorylation sites of Gab1 for HGF receptor were not mapped, our results suggest that the HGF receptor may also have a preference for Y447, Y472, Y589, Y627 and Y659 in Gab1. It is interesting to note that the tyrosine residues, which are prone to being phosphorylated by receptor protein tyrosine kinases, appear to be adjacent to the COOH-terminus of Gab1, whereas the tyrosine residues (Y242, Y259, Y317 and Y373), predominantly phosphorylated by c-Src, are within the middle region of Gab1.
Among the phosphorylated tyrosine residues identified in this study, Y259 of Gab1 appears to be the major phosphorylation site for c-Src. A single mutation of Gab1 at Y259 caused approximately 30% decrease in the Src-induced tyrosine phosphorylation of Gab1 (Figure 2a ). In addition, Y259 of Gab1 was identified to be phosphorylated by mass spectrometry (Table 1) . However, Y242, Y317 and Y373 of Gab1, which were identified by mutagenesis approach (Figure 2 ), were not detected by mass spectrometry. It is possible that the signal intensity for these three residues may be too weak to be detected by mass spectrometry. In fact, mass spectrometry has its limitations; factors, such as the spectral quality of tandem mass spectrometry, electrospray sensitivity of the phosphopeptide, poor ionization, high mass/charge ratio and the amount of phosphopeptide, could affect the outcome of mass spectrometry. As Y259 of Gab1 was not found to be phosphorylated by the EGF receptor (Lehr et al., 1999) , the insulin receptor (Lehr et al., 2000) or the HGF receptor (this study), its phosphorylation could be Src-specific. In addition, Crk is the only molecule known to bind to Y259 of Gab1 so far. Therefore, it is plausible that activation and/or increased expression of c-Src may lead to Gab1-Crk interaction, at least through its phosphorylation on Y259 of Gab1.
In addition to Y259 and Y627, S266, S419, S551 and T638 of Gab1 were also identified to be phosphorylated in our mass spectrometry analysis (Table 1 ). The identity of Ser/Thr kinase(s) responsible for phosphorylating those Ser and Thr is currently unknown. The Ser/Thr phosphorylation of Gab1 by PKC or extracellular signal-regulated kinase has been shown to either positively or negatively regulate the tyrosine phosphorylation of Gab1 and its interaction with the other SH2 domain-containing proteins in response to growthfactor stimulation (Yu et al., 2001 (Yu et al., , 2002 Lehr et al., 2004) . However, the effect of Ser/Thr phosphorylation identified in this study on tyrosine phosphorylation of Gab1 remains to be clarified. It is to be noted that S551 of Gab1, one of the phosphorylated Ser/Thr residues identified in this study, is one of the extracellular signal-regulated kinase-related phosphorylation sites (Lehr et al., 2004) and its phosphorylation seems to be elevated by c-Src overexpression (Table 1) . More recently, the phosphorylation of S551 was found to be important for the recruitment of Gab1 to the plasma membrane (Eulenfeld and Schaper, 2009 ). Together with this study, it is possible that Src and its downstream activation of extracellular signal-regulated kinase may regulate the tyrosine phosphorylation of Gab1, as well as its subcellular localization. Figure 6 c-Src directly phosphorylates Grb2-associated binder1 (Gab1) on the tyrosine residues similar to those identified in intact cells. (a) Myc-tagged Gab1 and its mutants were purified as described in Materials and methods. The purified proteins were fractionated by SDS-PAGE and visualized by Coomassie blue staining. The Gab1 YF-Crk mutant carries four mutations at Y242, Y259, Y317 and Y373. The Gab1 mutant YF-Crk þ Y627F harbors five mutations at Y242, Y259, Y317, Y373 and Y627. (b) cSrc was transiently overexpressed in HEK293 cells, immobilized on protein A beads and subjected to an in vitro kinase assay using purified Myc-tagged Gab1 proteins as the substrates. Pre-immune mouse immunoglobulin G (IgG) was used as a control. Representative autoradiograph is shown. The 32 P-incorporation of Myctagged Gab1 proteins was measured by a phospho-imager. The extent of the Gab1 wild type (wt) is defined as 100%. Values (means ± s.d.) are from three independent experiments. *Po0.05 (compared with the wt Gab1).
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In summary, this study not only indicates that the non-receptor tyrosine kinase c-Src phosphorylates a unique cohort of tyrosine residues in Gab1, but also provides an example to show how a docking protein (for example, Gab1) can differentially be phosphorylated by c-Src and a receptor tyrosine kinase, in order for it to transmit full spectrum of signals downstream for regulating the different aspects of growth factorelicited cell functions.
Materials and methods
Materials
Protein A-Sepharose beads, glutathione-agarose bead, BrdU, the monoclonal anti-BrdU antibody, the monoclonal anti-Flag antibody and the recombinant human HGF were purchased from Sigma-Aldrich (St Louis, MO, USA). LipofectAMINE was purchased from Invitrogen (Carlsbad, CA, USA). The rabbit polyclonal anti-Gab1 (H-198), anti-Crk II (C-18) and anti-Met (C-12) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The polyclonal anti-phospho-Met (Tyr-1349) was from Cell Signaling Technology (Beverly, MA, USA). The monoclonal anti-phosphotyrosine (PY20) and antiPLCg were purchased from BD Transduction Laboratories (San Jose, CA, USA). The mouse monoclonal anti-Src antibody (clone 327) used for Src immunoprecipitation was purchased from Calbiochem (La Jolla, CA, USA). The mouse ascites containing the monoclonal anti-Src (peptide 2-17) produced by hybridoma (CRL-2651) or the monoclonal antiMyc (peptide 408-439) produced by hybridoma (9E10) were prepared in our laboratory.
Plasmids and mutagenesis
The plasmid pEVX-cSrc was described previously (Chan et al., 2003) . The plasmids for Flag-tagged SHP2 and its C459S mutant were kindly provided by Dr Danny Ling Wang (Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan). The human Gab1 cDNA (isoform B), kindly provided by Dr Toshio Hirano (Osaka University, Osaka, Japan) and described previously (Takahashi-Tezuka et al., 1998) , was amplified by polymerase chain reaction with forward primer 5 0 -GCGAATTCGGATGAGCGGTGGTGA AGTGGTC-3 0 and reverse primer 5 0 -CAGCGGCCGCTCAT TTCACACTCTTCGCTGGCG-3 0 and cloned in frame to the EcoRI and NotI site of pCMV-myc vector (Clontech, Mountain View, CA, USA). All mutagenesis was carried out using QuikChange site-direct mutagenesis kit (Stratagene, La Jolla, CA, USA) and the desired mutations were confirmed by dideoxy DNA sequencing.
Lentivirus production
The lentiviral expression system was provided by the National RNAi Core Facility, Academia Sinica, Taipei, Taiwan. The DNA fragment encoding Myc-tagged Gab1 was amplified by polymerase chain reaction using pCMV-myc-Gab1 as the template with forward primer 5 0 -CCGCTAGCATGGCAT-CAATGCAGAAGCTGATC-3 0 and reverse primer 5 0 -CAGC TAGCTCATTTCACACTCTTCGCTGGCGT-3 0 and subse- The washed beads were subjected to in vitro kinase assays using purified Myc-tagged Gab1 proteins as the substrates. Representative autoradiograph from three independent experiments with a similar result is shown (top panel). The 32 P-incorporation of Myctagged Gab1 proteins was measured by a phospho-imager. The extent of the Gab1 wt is defined as 100%. Values (means ± s.d.) are from three independent experiments. *Po0.05 (compared with the wt Gab1). Same amount of the purified Myc-tagged Gab1 proteins used in in vitro kinase assays was analyzed by SDS-PAGE and visualized by Coomassie blue staining (bottom panel).
quently cloned into the NheI site of the lentiviral vector pLKO-AS2.puro. To produce recombinant lentiviruses, HEK293T cells were co-transfected with pLKO-AS2.puroMyc-Gab1 (2.5 mg), pCMV-DR8.91 (2.25 mg) and pMD.G (0.25 mg) by LipofectAMINE. After 72 h the medium was harvested, aliquoted and stored at À80 1C.
Cell culture and transfections HEK293 cells, SYF cells and the SYF cells stably re-expressing chicken c-Src were described previously (Chan et al., 2003) . Gab1-null (Gab1 À/À ) mouse embryonic fibroblasts were provided by Dr T Hirano (Osaka University, Osaka, Japan) and were described previously (Itoh et al., 2000) . For transient transfections, cells (5 Â 10 5 ) were seeded on a 6-cm culture dish. After 18 h the cells were incubated with the mixture of plasmid (1-2 mg) and LipofectAMINE (10 ml) for 5 h and allowed to grow for another 36 h. For HGF stimulation, cells were serumstarved for 18 h and treated with 10 ng/ml HGF for 15 min.
To establish HEK293 cells which stably express Myc-tagged Gab1 or its mutant, they were infected with recombinant lentiviruses encoding Myc-tagged Gab1 wt or its YF-Crk mutant in the presence of 8 mg/ml polybrene (Sigma, St Louis, MO, USA) for 24 h. The cells were rinsed by DMEM and allowed to grow in the growth medium for another 48 h. Subsequently, the cells were selected in the growth medium containing 2 mg/ml puromycin (Calbiochem) for 1 week. The puromycin-resistant HEK293 cells were collected and the expression of Myc-tagged Gab1 proteins in those cells was determined by immunoblotting with anti-Myc antibody.
Immunoprecipitations and immunoblotting
Immunoprecipitation and immunoblotting were carried out as described previously (Chan et al., 2003) . Chemiluminescent signals were detected and quantified using the Fuji LAS-3000 luminescence image system.
Protein purification
To obtain purified Myc-tagged Gab1 proteins, HEK293 cells were transiently transfected with 2 mg of pCMV-myc-Gab1 or its mutants for 48 h and then serum-starved for another 18 h before they were lyzed in 1% Nonidet P-40 lysis buffer (Chan et al., 2003) . Cell lysates (800 mg) were incubated with 20 ml of the mouse ascites containing the anti-Myc antibody for 2 h at 4 1C. Immunocomplexes were collected by Protein A-Sepharose beads coupled with rabbit anti-mouse IgG (3 mg) and washed six times with 1% Nonidet P-40 lysis buffer. The bound proteins were eluted in 50 ml of 0.1 M glycine buffer (pH 3.0) and neutralized with 1 ml of 1 M Tris-HCl (pH 9.0). The purified proteins were fractionated by SDS-PAGE and visualized by Coomassie blue stain.
In vitro kinase assay To carry out in vitro kinase assays, c-Src or c-Met was immobilized on protein A-Sepharose beads with anti-Src (clone 327) or anti-Met. The kinase reactions were carried out in 40 ml of kinase buffer (50 mM Tris-HCl, pH 7.5, 10 mM MnCl 2 ) containing 10 mCi of [g-32 P] ATP (3000 Ci/mmol; PerkinElmer Life Sciences, Boston, MA, USA) and 0.5 mg of purified Myctagged Gab1 proteins for 15 min at 25 1C. The reactions were terminated with addition of SDS sample buffer, and the 32 P-incorporatred proteins were fractionated by SDS-PAGE and visualized by autoradiography. The radioisotope activity was quantified using a phosphoimager system (Pharmacia, Piscataway, NJ, USA).
Nano-electrospray mass spectrometry HEK293 cells were transiently transfected with plasmids pCMV-myc-Gab1 with or without pEVX-cSrc. To immunoprecipitate Gab1, aliquots of whole cell lysates (2 mg) were incubated with 20 mg of polyclonal anti-Gab1 at 4 1C overnight. Immunocomplexes were collected on Protein A-Sepharose beads, washed five times with 1% Nonidet P-40 lysis buffer, fractionated by SDS-PAGE and visualized by Figure 8 Phosphorylation of Grb2-associated binder1 (Gab1) by c-Src promotes hepatocyte growth factor (HGF)-induced DNA synthesis, but not HGF-induced chemotaxis. (a) HEK293 cells were infected with recombinant lentiviruses encoding Myc-tagged Gab1 wild type (wt) or its YF-Crk mutant and selected in the growth medium containing 2 mg/ml puromycin. Control puromycin-resistant HEK293 cells (HEK293/puro) and those stably expressing Myc-tagged Gab1 or its YF-Crk mutant were serum starved and treated with HGF for 15 min. The tyrosine phosphorylation of Myc-tagged Gab1 was analyzed. (b) The cells as in the panel (a) were subjected to a chemotaxis assay towards HGF. After 5 h, the cells which migrated to the lower chamber were fixed, stained and enumerated. Values (means ± s.d.) are from three independent experiments and expressed as-fold relative to the level of the control HEK293 cells in the absence of HGF. *Po0.05 (compared with the control cells in the absence of HGF). **Po0.05 (compared with the control cells in the presence of HGF). (c) The cells as in the panel (a) were subjected to 5-bromo-2 0 -deoxy-uridine (BrdU) incorporation assay. The cells were serumstarved for 24 h and followed by a 6-h labeling with 100 mM BrdU in serum-free medium with or without HGF. The chromosomal DNA of the cells was denatured in acid before stained with the monoclonal anti-BrdU antibody and a rhodamine-conjugated secondary antibody. The BrdU-positive cells were counted under a fluorescent microscope and expressed as the percentage in total counted cells (n>400). Values (means ± s.d.) are from three independent experiments. *Po0.05 (compared with the control cells in the presence of HGF).
